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ABSTRACT
Gamma ray burst (GRB) optical and X-ray afterglow luminosity is expected to corre-
late with the GRB isotropic equivalent kinetic energy of the outflow in the standard
synchrotron model for GRB afterglows. Previous studies, using prompt GRB isotropic
equivalent energy (Eiso) as a proxy for isotropic equivalent kinetic energy, have gener-
ally confirmed a correlation between X-ray and optical afterglow luminosities. Assum-
ing that GRB afterglow luminosity does not evolve strongly with redshift, we identify a
strong Malmquist bias in GRB optical and X-ray afterglow luminosity data. We show
that selection effects dominate the observed Eiso – Lopt,X correlations, and have likely
been underestimated in other studies. The bias is strongest for a subset of optically
faint bursts m > 24 at 24 hr with z > 2. After removing this optical selection bias, the
Eiso – Lopt,X correlation for long GRBs is not statistically significant, but combining
both long and short GRB luminosity data the correlation is significant. Using the me-
dian of the Eiso and Lopt,X distributions, we apply the synchrotron model assuming
the same power law index for short and long GRBs, but different microphysical pa-
rameter distributions. Comparing the ratio of optical and X-ray luminosities, we find
tentative evidence that the fraction of post-shock energy in magnetic fields, ǫB, could
be systematically higher in SGRBs compared to LGRBs.
Key words: gamma-ray burst: general–methods: statistical
1 INTRODUCTION
Gamma Ray Bursts (GRBs) are the most energetic tran-
sients observed at cosmological distances. They have been
categorised into two classes. The first class, ‘long’, here-
after LGRB (T90 > 2 s)
1 are linked to the core col-
lapse of massive stars (collapsars) (Woosley 1993; Paczynski
1998; MacFadyen & Woosley 1999). For several cases, the
GRBs are firmly associated with Type Ib/c supernovae (e.g.
Hjorth et al. 2003; Stanek et al. 2003), suggesting they are
linked to the end of massive stellar evolution. In contrast
short GRBs (T90 < 2 s hereafter SGRB) have a less certain
origin.
The first breakthrough to understand the origin of
SGRBs occurred in 2005 after the launch of the NASA
Swift satellite (Gehrels et al. 2004). Prompt localizations
⋆ E-mail:David.Coward@uwa.edu.au
1 T90 is the duration in which the cumulative counts are from 5%
to 95% above background.
and deep afterglow searches yielded the first redshifts and in-
vestigations of their progenitor environments based on their
host galaxies. By 2014, about three dozen SGRBs had been
localized by Swift and about 50% have optical detections
with redshift determinations.
Binary neutron star mergers (NS-NS) or neutron star–
black hole (NS-BH) mergers are the favoured progeni-
tors for SGRBs, based on the association of some SGRBs
with an older stellar population (e.g. Lee et al. 2005;
Zheng & Ramirez-Ruiz 2007), as compared to LGRBs. Fur-
ther evidence for the origin of SGRBs comes from observa-
tions showing that at least some SGRBs occur far from their
site of origin, a consequence of possible high velocity kicks
imparted to NSs at birth.
Although the bi-modal distribution is accepted as evi-
dence for two GRB classifications, there remains ambiguity.
About 20% of Swift SGRBs have been detected with an ex-
tended emission lasting up to 100 s (hereafter SGRB-EE)
(Norris & Bonnell 2006; Perley et al. 2008) leading to sug-
gestions that different progenitor types produce these bursts
c© 3002 RAS
2(Norris et al. 2011). Troja et al. (2008) argue that SGRB-
EE could be NS-BH mergers based on their galaxy off-sets
or the birth of a rapidly rotating proto-magnetar produced
via NS-NS merger or accretion-induced collapse of a white
dwarf (Metzger et al. 2008; Bucciantini et al. 2011).
The standard synchrotron model describes the rela-
tionship between afterglow luminosity and isotropic kinetic
energy of the prompt emission (EK,iso). Previous studies
that have investigated this correlation for LGRBs include
e.g. Freedman & Waxman (2001); Liang & Zhang (2006);
Amati et al. (2007); Kaneko et al. (2007); Gehrels et al.
(2008). For SGRBs, studies include Kouveliotou et al.
(2004), who used the X-ray luminosity at 10 hours (see
also Granot, Ko¨nigl, & Piran 2006; Fan & Piran 2006) and
also Nysewander et al. (2009b), who analysed both the
optical R−band and X-ray luminosity at 11 hours. In
addition to these studies, recent investigations of corre-
lations between afterglow luminosity and EK,iso include
Kann et al. (2010); Berger (2014); D’Avanzo et al. (2012);
Margutti et al. (2013); Berger (2014).
Kann et al. (2010) (hereafter K10) analysed how the
optical flux density in the RC band at one day (in the host
frame assuming z = 1) is correlated with Eiso for a sample
of LGRBs. While no tight correlation was identified, they
found a general trend of increasing optical luminosity with
increasing Eiso. K10 provided a best fit to the correlation,
and find that Lopt ∝ E
0.36
iso , which is significantly shallower
than the standard synchrotron model predicts i.e. E1.1K,iso.
Berger (2014) performed a similar analysis, but included
28 SGRBs X-ray and optical afterglows. X-ray luminosities
were calculated at a fiducial rest-frame time of 11 hr in the
0.3 − 10 keV band (LX,11) as a function of the isotropic-
equivalent γ-ray energy (Eiso). The study showed that the
observed correlations are flatter than the theoretical expec-
tation, similar to that identified by K10.
D’Avanzo et al. (2012), claim they have obtained a
complete selection of Swift LGRBs by applying a high cut-
off in GRB peak photon flux to minimize flux bias. They
show that the X-ray afterglow luminosity vs Eiso correla-
tion evolves from strongest at early times to weakest at late
times. Despite this high-energy flux limit, they acknowledge
that their complete GRB X-ray luminosity sample is still bi-
ased, and apply a joint correlation method to account for
the Malmquist bias correlation between redshift and lumi-
nosity. Fig 2 shows that a cut in γ-ray peak photon flux
does not remove the redshift bias in their X-ray luminosity
distribution.
Given the importance of testing the standard syn-
chrotron model using multi-wavelength GRB data, we re-
examine the Lopt,24 − Eiso correlation. Our main focus is
understanding how selection biases in the GRB afterglow
distribution influence the Lopt,24 −Eiso correlation. We will
apply robust methods to first identify flux limited biases
(Malmquist) in GRB optical and X-ray afterglow data, and
secondly, remove this bias to construct a bias free selection.
Finally, we compare the unbiased LGRB and SGRB opti-
cal and X-ray luminosities with the standard synchrotron
model.
1.1 GRB afterglow energetics in the Standard
Fireball Model
The standard afterglow synchrotron model uses free param-
eters that describe the relativistic shock microphysics: the
fraction of post-shock energy in the magnetic fields, ǫB , the
fraction of energy in relativistic electrons, ǫe. These parame-
ters follow a power-law distribution i.e. N(γ) ∝ γ−p above a
minimum Lorentz factor, γm (Sari, Piran, & Narayan 1998).
In the standard afterglow synchrotron model, the X-ray
band is expected to be located near or above the synchrotron
cooling frequency (Granot & Sari 2002). The afterglow X-
ray flux (assuming a fiducial value for p ≈ 2.4) is given by:
Fν,X ∝ E
(p+2)/4
K,iso ǫ
p−1
e ǫ
(p−2)/4
B ≈ ǫeEK,iso (1)
For the optical afterglow flux, the synchrotron model pre-
dicts that the optical band is below the synchrotron cooling
frequency so that:
Fν,opt ∝ E
(p+3)/4
K,iso n
1/2
0 ǫ
p−1
e ǫ
(p+1)/4
B . (2)
There are several observational consequences for the
two spectral regimes. Firstly, the X-ray luminosity should
be independent of n0 and ǫB . Secondly, the distributions of
the microphysical parameters will introduce scatter in the
afterglow luminosity and EK,iso correlation, and in the op-
tical band, n0 and ǫB should introduce additional scatter.
For the X-ray band, E,iso is a reasonable proxy for the more
directly relevant, but not directly measurable EK,iso.
In the context of this work (and other studies) it is
important to consider the effect of the Malmquist bias on
the Eiso−LX correlation using different data selections. For
a highly biased sample, where the Malmquist correlation
is significant, the intrinsic Eiso – Lopt,X correlation can be
falsely increased, because both Eiso and afterglow luminosity
are both determined from flux limited (redshift dependent)
observations. The Eiso distribution is biased by the sensitiv-
ity of Swift, producing a positive z − Eiso correlation. Sec-
ondly, the afterglow luminosity distribution is biased by tele-
scope sensitivity. This affect is strongest in the optical (see
Table Figure 1.), because redshifts for LGRBs are mostly
obtained directly from the optical afterglow (not the host
galaxy); this causes a bias for sampling the optically bright-
est part of the Lopt distribution (see Coward et al. 2013).
Hence, the two independent variables (ignoring the standard
synchrotron model for now), Lopt,X and Eiso, are forced to
correlate positively via redshift, but possibly only limits for
any intrinsic correlations can be inferred (Efron & Petrosian
1992).
2 DATA SELECTION, ANALYSIS AND
RESULTS
2.1 Data selection
2.1.1 Optical, X-ray luminosity, and Eiso data
LGRB and SRGB optical luminosities, are obtained from
K10 and references therein. Our optical data selection taken
from K10 includes 61 LGRB optical afterglow absolute mag-
nitudes measured at 24 hr in the rest frame. Based on
Norris et al. (2011), we classify a subset of SGRBs as SGRB-
EE in this sample. X-ray luminosities are calculated us-
ing light curves from the Swift-XRT light curve repository
c© 3002 RAS, MNRAS 000, 1–6
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Figure 1. Plot of LGRB optical luminosity vs redshift, using a
selection from Kann et al. (2010) (black squares) selected by the
following joint selection criteria: m < 24 and z < 2, obtained by
an iterative procedure that minimizes the correlation (Malmquist
bias). Alternatively, the selection m > 24 and z > 2 (red cir-
cles), is dominated by the Malmquist bias, demonstrated by a
significant correlation with a Spearman’s probability of a ran-
dom correlation p = 0.002. Similarly, but independently, Eiso is
biased by the sensitivity of Swift, producing a positive z − Eiso
correlation (see Table 1).
(Evans et al. 2007; Evans et al. 2009). We used an interpo-
lation procedure using flux data in the light curves to find
both X-ray luminosities and uncertainties at 11 hr. Burst
classifications are based on the scheme from (Howell et al.
2014) with redshifts taken from the Jochen Greiner online
catalogue of localized GRBs 2. We note the classification and
redshifts in this catalogue are subject to ongoing updates.
To ensure a consistent sample of Eiso data, we use
the Butler online catalogue Swift BAT Integrated Spectral
Parameters3. This catalogue, an extension of Butler et al.
(2007, 2010), circumvents the nominal BAT upper energy of
150 keV to produce values of Eiso through a Bayesian ap-
proach. We note that Butler provides no Eiso data for GRBs
061006, 061210 and 071112C, so we use estimates provided
by K10.
2.2 Analysis and Results
2.2.1 Removing the Malmquist bias
We minimize the Malmquist bias for LGRB optical af-
terglows using two joint selection criteria: z < zlim and
m < mlim; i.e. the limiting redshift and apparent magnitude
respectively. They are obtained by incrementally reducing
the maximum allowable redshift (volume) and magnitude
(flux limit) until the correlation between luminosity and red-
shift is insignificant (i.e. Spearman’s p > 0.02). Using this
procedure we obtain 24 samples, the optically unbiased sam-
ple. For the optical afterglow luminosity data, the optimal
selection criteria that minimizes the bias are: z < 2 and
2 http://www.mpe.mpg.de/~jcg/grbgen.html
3 http://butler.lab.asu.edu/Swift/bat_spec_table.html
0 1 2 3 4 5 6 7
1044
1045
1046
1047
0 1 2 3 4 5 6 7
1044
1045
1046
1047
redshift (z)
X−
ra
y 
Lu
m
in
os
ity
 a
t 1
1 
hr
 (e
rg 
s−1
)
Figure 2. Top panel Plot of X-Ray luminosity at 11 hr ver-
sus redshift for LGRBs for the optically selected data (an opti-
cal afterglow was measurable at 24 hr) taken from Kann et al.
(2010). It is clear there is a significant correlation (Spearman
p = 10−5) between X-ray luminosity and redshift, a result of a
strong Malmquist bias (flux limited bias), as shown in Figure 1.
Bottom Same as top panel, but using the complete sample from
D’Avanzo et al. (2009), which was obtained by applying a cut-
off in the high energy flux and other observation based selection
criteria. Both data selections are equally dominated by the same
Malmquist bias (Spearman p = 10−5).
m < 24. We also tested a high energy GRB peak flux cut-
off, similar to D’Avanzo et al. (2009), and find that the bias
in afterglow luminosity vs redshift is not removed. Figure
1 plots optical luminosity vs redshift using the Malmquist
bias corrected sample, and the highly biased sample: z > 2
and m > 24.
Table 1. summarises the correlations and their signifi-
cance. After applying the selection criteria above, we find
that the correlation between Lopt and equivalent isotropic
energy Eiso in the 24 hr rest frame is significantly weakened
and statistically not significant (Spearman p > 0.2). Alter-
natively, we find that the Eiso – Lopt,X correlation for the
data selection z > 2 and m > 24 (biased sample) is sig-
nificant, with Spearman p = 0.002. To test this result for
small number statistics (last column Table 1.) we applied a
random sampling of 10 events from the full Lopt data set,
and find that the probability that the observed Spearman’s
p < 0.002 is not because of random sampling is about 97%.
This is clear evidence that the Eiso – Lopt,X correlations and
analysis reported elsewhere in the literature are strongly in-
fluenced by selection biases.
For our LGRB X-ray luminosity data (at 11 hr rest
frame), we employ the same data selection from the optical
sample, namely those X-ray luminosities with an optical af-
terglow that satisfy z < 2 and m < 24 from the Kann et al.
(2010) sample. We tested both the biased X-ray luminos-
ity data (55 LRGBs), and the bias corrected selection (21
LGRBs), for a Eiso – LX correlation. Similar to the opti-
c© 3002 RAS, MNRAS 000, 1–6
4cal, we find the biased sample has a significant correlation
(p = 10−5). The same test applied to the bias reduced sam-
ple gives a statistically insignificant correlation, similar to
that found in the optical sample. It is clear that a Malmquist
bias is the dominant effect in the observed Eiso – Lopt,X cor-
relations in this study, and likely other works.
2.3 Synchrotron model comparison to the SGRB
and LGRB Lopt,X − Eiso correlation
For SGRBs, we followed the same analysis procedure as
above to identify a Malmquist bias. Unfortunately, although
we identify a distance-dependent bias in SGRB X-ray lumi-
nosity, the data is too small (9 bursts with both confident
redshifts and X-ray luminosities at 11hr) to apply a robust
selection criteria that would yield a statistically significant
sample. Hence, we do not apply any selection criteria to this
data, but note that the Eiso – Lopt,X correlation using this
data is likely biased. With this proviso, we find a relatively
significant Lopt,X − Eiso correlation with p = 0.01.
As shown above, the LGRB data selection (bias free)
shows no significant correlation between Lopt,X and Eiso,
hence a fit to this data is both unreliable and not meaningful
(see Isobe et al. 1990, for the pitfalls of fitting to weakly
correlated data). Alternatively, we can apply a constrained
synchrotron model fitted to the median of the LGRB Eiso
and Lopt,X distributions to compare with the SGRB data.
We describe the procedure and motivation below:
We assume that the microphysical parameter distribu-
tions of ǫB, ǫe and n0 vary between SGRBs and LGRBs. We
use separate synchrotron models, assuming the same power
law index, p = 2.4, to the SGRB and LGRB data selections,
constrained by the median of Eiso and Lopt,X distributions
for the two GRB classes. The result of assuming two dif-
ferent microphysical distributions is to introduce different
scalings for Lopt,X. The ratio of the two scalings is related
to differences in the median of the microphysical parameter
distributions, and/or energy efficiency, between LGRBs and
SGRBs. Finally, the ratio between the optical and X-ray lu-
minosity ratios provides insight into the relative difference
in n0 between LGRBs and SGRBs, as the X-ray luminosity
is expected to be independent of n0 and ǫB. Finally, we fit a
single unconstrained power law model, with the power index
a free parameter, for a comparison with other studies. It is
not used to place constraints on the microphysical parame-
ter distributions, because of the large scatter of the Eiso and
Lopt,X distributions.
Figure 3 plots Eiso and Lopt,X for the two scenarios
above using the LGRB optical luminosity bias free selection
(see Fig 1) combined with SGRB, and SGRB-EE data. We
apply two synchrotron models constrained by the medians
of Eiso and Lopt distributions, assuming p = 2.4, so that
Lopt ∝ E
1.1
iso for LGRBs and SGRBs. There is 2σ evidence
for different scaling of the two models with ratio of 0.2±0.1
between LGRBs and SGRBs. For X-ray luminosity, the syn-
chrotron model predicts that LX is independent of the mi-
crophysical parameters, so that the ratio LX,LGRB/LX,SGRB
should be unity. This is shown to be the case in the bot-
tom figure for X-ray luminosity. If we reasonably assume
that the scaling is a result of the difference in microphysi-
cal parameters between LGRBs and SGRBs, then the scal-
ing ratio implies that the combined microphysical parameter
Sample selection Correlation ρ p ps(%)
criteria
KO61 none z − Lopt 0.6 10−8 -
KX55 none z − LX 0.5 10
−5 -
KB61 none z −Eiso 0.4 10
−3 -
KO61 none Eiso – Lopt 0.4 10
−3 -
KX55 none Eiso – LX 0.4 10
−3 -
KOBR24 m < 24, z < 2 Eiso – Lopt 0.25 0.23 80
KXBR22 m < 24, z < 2 Eiso – LX 0.27 0.28 80
KOMB10 m > 24, z > 2 Eiso – Lopt 0.8 10
−2 97
Table 1. Summary of correlations using different data selections.
First column key: KO61 = 61 LGRBs optical luminosities at 24 hr
rest frame with redshifts taken from K10. KX55 = 51 X-ray lumi-
nosities at 11hr matched with KO61. KB61 is Eiso data from the
extended catalogue of Butler et al. (2010) and matched to KO61.
KOBR24, KXBR22 and KOMB10 are LGRB selections satisfying
the selection criteria in column 2. Column 3 is the correlation
pairs, columns 4 snd 5 are Spearman’s ρ and Spearman’s p re-
spectively, and column 6 is the probability that the correlations
are not a result of small number statistics. See §2.2.1 for the in-
terpretation of these results.
values are relatively larger for SGRBs compared to LGRBs.
For comparison with previous studies, we apply an uncon-
strained power law model fit to the combined LGRB and
SGRB data, and find Lopt,24 ∼ 1.96 × 10
43E0.66γ,iso,51 erg s
−1
and LX,11 ∼ 2.65 × 10
44E0.53γ,iso,51 erg s
−1 for the optical
and X-ray luminosities respectively. The shallower fits to
the combined data, also identified by Berger (2014), can be
partially explained by the scatter in the two-parameter re-
lation of gamma-ray energy release and X-ray luminosity,
which may be attributed to the presence of hidden variables
like Ep (Margutti et al. 2013).
3 CONCLUSIONS
In summary, we identify a strong Malmquist bias in GRB
optical and X-ray afterglow luminosity data. We show that
selection effects dominate the observed Eiso – Lopt,X corre-
lations. The significance of GRB Eiso – Lopt,X correlations
depend on the data selection. After removing a Malmquist
bias, the Eiso – Lopt,X correlation for long GRBs is not sta-
tistically significant, but combining SGRB, SGRB-EE and
LGRB data, the correlation is significant. It is possible that
the correlation between LGRB optical luminosity and red-
shift is intrinsic (there is a physical correlation between af-
terglow luminosity and redshift). We do not consider this in
our analysis, because it would require including ad-hoc ad-
ditions to the standard synchrotron model that cannot be
currently physically justified.
Applying a synchrotron model (assuming p = 2.4) con-
strained by the median of the Eiso – Lopt,X distributions for
LGRBs and SGRBs separately, we find a factor of 5 differ-
ence in scaling between optical and X-ray luminosities. We
test several possible scenarios to explain this result. Firstly,
if the prompt energy efficiency for SGRBs was systemati-
cally smaller, relative to LGRBs, then the median SGRB
Eiso would be smaller. But we highlight that the scaling be-
c© 3002 RAS, MNRAS 000, 1–6
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Figure 3. Top plot of Eiso vs Lopt, using the bias free selec-
tion of LGRB optical luminosity–black squares (see Fig 1), com-
bined with SGRB–magenta circles, and SGRB-EE data–magenta
squares. The two lines are synchrotron models for LGRBs (dashed
line) and SGRBs (red solid line), constrained by the respec-
tive medians of Eiso and Lopt distributions, assuming p = 2.4,
so that Lopt ∝ E1.1iso . The difference in scale between the two
curves, Lopt,LGRB/Lopt,SGRB is about 0.2. On the same plot, we
apply an unconstrained power law model fit Lopt,24 ∼ 1.96 ×
1043E0.66γ,iso,51 erg s
−1. Bottom Same as top, but using X-ray
luminosity data corresponding to the bias free optical selection
above. In contrast to optical luminosity, the synchrotron model
predicts that LX is independent of the microphysical parameters
ǫB and n0. This is supported by the ratio LX,LGRB/LX,SGRB ∼
1. The unconstrained fit is LX,11 ∼ 2.65× 10
44E0.53γ,iso,51 erg s
−1.
tween SGRBs and LGRBs for the X-ray data is unity (fig
3), so this explanation is not consistent with the data. Sec-
ondly, if SGRBs had a median beaming angle significantly
greater than LGRBs, this would also shift the median SGRB
Eiso to a smaller value compared to the LGRB Eiso. But,
again this should be apparent in the X-ray LX −Eiso corre-
lation. Hence we attribute the difference in scaling between
the optical and X-ray correlation as a result of systematic
differences in the microphysical parameter distributions of
ǫB and n0. Furthermore, for n0 to be similar to (or system-
atically smaller) for SGRBs compared to LGRBs, requires
ǫB to be systematically higher relative to LGRBs.
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